A drastic change of the Ag growth mode on the GaN͑0001͒ surface, from Stranski-Krastanov ͑SK͒ growth at low Ag flux (ϳ0.8 ML/min) to layer-by-layer growth at a high flux (ϳ60 ML/min), was observed. Based on this finding, an approach to obtain a flat epitaxial Ag film on the GaN͑0001͒ surface, by using the high Ag flux, was demonstrated. In addition, an unreconstructed Ag-terminated GaN͑0001͒-1ϫ1 surface was obtained by annealing the Ag film-covered GaN͑0001͒ surface, and its structure was explained by T 1 -site adatom model. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1556572͔
In the past eight years, there has been rapid development in gallium nitride technology and its device applications, such as light-emitting diodes ͑LEDs͒, laser diodes, and highpower transistors. As the performance of these devices must rely on good metal-GaN contact, efforts have been devoted to the study of low resistance (Ͻ10 Ϫ6 ⍀ cm 2 ) Ohmic contacts to p-and n-type GaN, 1,2 as well as the Schottky barrier ͑SB͒ formation. 3, 4 However, there have been few atomicscale studies on the growth of metals on GaN surface. The fundamental issues such as adsorption mechanism, growth mode, and possible metal-induced reconstructions of most metals on the GaN surface still remain unsettled.
In our previous work, we investigated the adsorption of Au on the GaN͑0001͒-pseudo-1ϫ1 surface and found two Au-induced phases: the c(2ϫ12) reconstruction and the incommensurate ␤ phase. 5 In this letter, we report on the study of another non-reactive noble metal/GaN system, Ag/GaN, by using a combined molecular beam epitaxy ͑MBE͒ and scanning tunneling microscopy ͑STM͒ system. A bulkterminated GaN surface was used as the substrate. The growth mode of Ag was studied as a function of the Ag flux. We observed a drastic change of the Ag growth mode, from Stranski-Krastanov ͑SK͒ growth at low flux ͑ϳ0.8 ML/min͒ to a layer-by-layer growth at a higher flux (ϳ60 ML/min). We also report on the observation of a Ag-terminated GaN͑0001͒-1ϫ1 surface, formed by annealing the Ag/ GaN͑0001͒ surface around 600°C.
The experiments were performed in a UHV dualchamber MBE-STM system, which has the advantage for in situ growth and characterization of epitaxial films. 6, 7 The clean GaN͑0001͒ surface was obtained by homoepitaxial growth on a commercial GaN͑0001͒ substrate, followed by Ga deposition with the saturation Ga coverage. This results in a pseudo-1ϫ1-Ga surface. The bulk-terminated GaN͑0001͒ surface was then prepared by annealing the pseudo-1ϫ1 surface at 700°C for 5 min to remove excess Ga atoms. Ag was evaporated from a resistively heated tungsten filament placed at 5 cm away from the surface, thus giving a uniform atom beam distribution on a 3 mm ϫ5 mm substrate. The substrate was held at room temperature ͑RT͒ during deposition, and postdeposition annealing was performed by passing a dc current through the substrate. For STM measurements, commercial Pt/Ir tips were used. All STM images were acquired at constant current mode with sample bias and a tunneling current of 60 pA.
The as-grown GaN surface shows typical step-flow morphology. With Ga saturation, the surface displays a pseudo-1ϫ1 structure, characterized by satellite peaks in the reflection high-energy electron diffraction ͑RHEED͒ pattern. 8, 9 Upon higher temperature annealing, excess Ga atoms gradually desorb from the surface, and the surface stoichiometry is recovered, which is indicated by the disappearance of the satellite peaks. Figure 1͑a͒ APPLIED PHYSICS LETTERS VOLUME 82, NUMBER 9 3 MARCH 2003 image of the GaN surface prepared by annealing the pseudo-1ϫ1 surface at 700°C for 5 min. A flat surface with the terrace width of several hundred Å is obtained. It should be noted that the bulk-terminated GaN͑0001͒ surface is intrinsically disordered on an atomic scale, because the 1ϫ1 Gaterminated surface is energetically unstable, as proven by theory and experiments. 10, 11 The inset in Fig. 1͑a͒ shows a 50Åϫ50 Å zoom-in image of the bulk-terminated GaN surface. The surface is in general disordered, while local ordering can be observed.
The growth of Ag is first examined with a low Ag flux of ϳ0.8 ML/min ͓1 ML corresponds to the atom density of the Ag͑111͒ plane, 1.38ϫ10 15 cm Ϫ2 ]. Figure 1͑b͒ is the image with 1 min deposition ͑the Ag coverage about 0.8 ML͒ at RT. Three-dimensional ͑3D͒ agglomerations form quite uniformly over the surface. The surface roughness increases, but the steps and terraces of the GaN surface are still clearly visible. As the size of the Ag clusters is small (Ͻ20 Å), it appears more like a disordered wetting layer. With increasing coverage, big islands (Ͼ50 Å in size͒ with flat top-surface start to form. Figure 1͑c͒ shows a surface after 3 min deposition (ϳ2.4 ML), where big islands become dominant, while one can still see the remnant of the wetting layer in between these islands. Figure 1͑d͒ gives the height profile taken from Fig. 1͑c͒ , which shows thickness of the Ag islands between 3 and 5 ML. In general, we did not observe a sign of magic thickness, unlike the case of Ag on Si͑111͒-7 ϫ7 ͑Refs. 12 and 13͒ or GaAs͑110͒.
14 Atomic steps can often be found on the island surface, indicating that the Ag islands do not have preference for specific thickness.
The above result shows that at RT, the growth of Ag follows the typical SK mode. This is also the case for most metals on semiconductor surfaces. Because of the different atomic bonding ͑metallic versus covalent or ionic͒ and the large disparities in surface diffusivity, the growth mode of metals on semiconductors is often decided kinetically rather than energetically. For the present Ag/GaN͑0001͒ system, the lattice match is nearly ideal ͑2.2% mismatch͒. However, island growth still dominates, implying a growth kinetics that features strong Ag atom diffusion on the GaN͑0001͒ surface, and thus the formation of 3D islands. This mechanism has been reported in other systems, such as the Ag/Si͑111͒-7 ϫ7 and Ag/GaAs͑110͒. [12] [13] [14] Although the disordered nature of the bulk-terminated GaN͑0001͒ surface do not favor diffusion of Ag atoms, we suggest that the diffusion can be enhanced by the formation of the wetting layer.
Recently, a two-step approach was developed by Smith et al.
14 and others to achieve flat epitaxial Ag film on semiconductor surfaces, e.g., GaAs͑110͒ and Si͑111͒-7ϫ7. The method consists of a deposition of Ag at low substrate temperature (ϳ100 K) and subsequent warming up to RT. The low-temperature sufficiently suppresses the diffusion of Ag atoms, resulting in uniform distribution of Ag nanoclusters. By warming up to RT, small Ag clusters interconnect and form the flat Ag film.
In this study, we have demonstrated an alternative approach to suppress the diffusion of Ag atoms by utilizing very high Ag flux of about 60 ML/min. Figure 2͑a͒ shows a 1500 Åϫ1500 Å filled state STM image of the GaN surface after about 2 s Ag deposition at RT. Drastically different growth morphology is observed, corresponding to the layerby-layer growth mode. The growth of the second layer takes place after completion of the first layer ͑the first layer can be regarded as wetting layer, but it is much smoother than the wetting layer obtained at low Ag flux͒. The line profile in Fig. 2͑c͒, taken from Fig. 2͑a͒ , shows that the Ag islands are of monolayer height. Figure 2͑b͒ shows a 3200 Åϫ3200 Å image of the epitaxial Ag film obtained by continuous deposition for 30 s, where flat Ag terraces extend up to several thousand Å. Also observed in the image is the islandstacking morphology ͑marked by the arrow͒, where the higher islands are smaller in size and the lower islands are larger. This is a result of the well-known Schwoebel-Ehrlich ͑SE͒ barrier at the step edges of noble metals such as Ag and Cu, 15, 16 which hinders the diffusion of atoms from the upper terrace to the lower terrace.
The above result shows that the increase of flux has an effect of suppressing the Ag diffusion, similar to the decrease of the substrate temperature. This is due to an increasing of the Ag nucleation density, by 1-2 orders when the Ag flux increases from 0.8 to 60 ML/min. The high nucleation density results in a uniform distribution of Ag nanoclusters, which then interconnect to form a flat film. Provided that the Ag atom beam is sufficiently uniform, one should be able to obtain a flat layer-by-layer growth. We note that this approach is much easier and less costly than the lowtemperature approach, and thus is technically more accessible. We believe that it will be applicable for studies such as Schottky barrier height ͑SBH͒, where a sharp metal-GaN interface is desired.
In the following we report the annealing effect on the Ag film on GaN. As the mobility of Ag atoms is significantly enhanced at higher temperatures, migration of the Ag atoms takes place and aggregation of the Ag atom into huge islands is observed by STM upon annealing at 200°C ͑this is also evident from the spotty RHEED pattern from the transmission beams through bulk Ag͒. Between these huge islands are the terraces of the GaN substrate. The interesting finding is that the Ag atoms are not completely removed from the GaN terraces. Instead, a few monolayers of Ag remain on the surface, which show interesting reconstructions and phase transitions upon step-by-step annealing. Figure 3͑a͒ shows the GaN/Ag surface after annealing at 500°C, where Aginduced reconstructions can be observed. It is generally disordered but with some locally ordered features. We call this transition phase.
Upon annealing to 600°C, however, the surface changes drastically and a 1ϫ1 structure forms, as shown in Fig. 3͑b͒ . This is a true 1ϫ1 phase, being atomically perfect over large terraces in the scale of several thousand Å. The nearestneighbor spacing is 3.2Ϯ0.1 Å, reflecting the GaN lattice constant of 3.19 Å. We note that although the Ga-terminated 1ϫ1 structure on the N-face GaN(0001 ) has been reported previously, a true unreconstructed 1ϫ1 surface has never been achieved on the more interesting Ga-face GaN͑0001͒ ͓the previously reported Ga-rich pseudo-1ϫ1 and bulkterminated 1ϫ1 are not true 1ϫ1 ͑Refs. 8 and 10͔͒. In addition, the defect-free nature of the present 1ϫ1 surface indicates that the surface must be energetically stable. It could be an ideal model system for studying the properties of the GaN͑0001͒ surface itself.
The atomic structure for this 1ϫ1 surface appears to be simple. The adlayer 1ϫ1 Ag atoms can only be arranged in either of the three configurations: Ga site (T 1 ), H 3 site, and T 4 site. Furthermore, due to the sp 3 hybridization of the Ga valance electrons, 1ϫ1 Ag adatoms on H 3 and T 4 sites are unlikely due to their unstable coordination. The T 1 -site configuration, on the other hand, can explain the structure well, where the 1ϫ1 Ag adatom layer is bonded to the bulk Ga atoms, thus saturating all the dangling bonds on the surface ͑Fig. 4͒. The saturation of dangling bonds makes the surface energetically stable. Further theoretical and experimental works are currently being carried out to study the electronic structure of this 1ϫ1 surface and its physical and chemical properties.
In conclusion, we observed a drastic change of the Ag growth mode on the bulk-terminated GaN͑0001͒ surface, from SK growth at low flux (ϳ0.8 ML/min), to a layer-bylayer growth at a higher flux (ϳ60 ML/min). Based on this finding we show a new approach for obtaining flat epitaxial Ag film on the GaN͑0001͒ surface at RT, by applying high Ag flux rate to suppress the atom diffusion. We also reported the observation of an unreconstructed Ag-terminated GaN͑0001͒-1ϫ1 and explained its structural model. These results are helpful to obtain sharp metal-GaN interface for further studies, such as the Schottky barrier formation. 
